Quantum density functional theory (DFT) results are reported for the adsorption of H 2 CO 2 on the Cu (111) metallic surface as modelled by a Cu 30 cluster. The calculations suggest that the H 2 CO 2 species stabilises in the cross-bridge site with the two oxygen atoms located at different distances from the surface. The H 2 CO 2 species prefers an orientation with the OCO plane normal to the surface. Mulliken population analysis in the adsorbed species shows that there is charge donation from the copper surface to the double radical. The internal geometry of the adsorbed species is very different from that of the free molecules and this is the result of the strong interaction with the metal surface. The bonding of this adsorbate to the copper surface is essentially ionic.
Introduction
In recent years, numerous experimental and theoretical investigations concerning the adsorption of small organic molecules on a variety of transition metal surfaces were carried out to gain new insights into the elementary steps of heterogeneous catalysis [1] .
A full understanding of how these processes occur above metal surfaces is still lacking; for example, dioxymethylene has been proposed [2] [3] [4] as an intermediate in the reaction H 2 CO (a) HCO 2(a) but the experimental study of this adsorbed intermediate is quite difficult. The mode of coordination of this species is therefore an essential piece of information for a better understanding of the mechanism and selectivity in these reactions.
Despite all the experimental and theoretical efforts, some reactional steps are still controversial this being the case for such important steps as the mechanism for the carbon -carbon bond forming in the polymerisation of ethylene, the identification of the intermediates in the methanol oxidation reaction, etc. Thus, further knowledge is needed about how these species adsorb on the metal surfaces, about the influence of co-adsorbed species and about the influence of the nature of the catalyst. This work is another contribution for the comprehension of these mechanisms.
The dioxymethylene species (H 2 CO 2 ) was observed experimentally by Madix and co-workers on Cu (110) [2, 3] and on Ag (110) [4] . They have used a large number of experimental techniques (XPS, UPS, LEED, AES and TPRS) to perform these studies. The H 2 The presence of the dioxymethylene species in an almost symmetrical form was also found [6] after adsorption of formaldehyde on metal oxide surfaces. This is characterised by some strong absorption bands in the IR region between 1000-1200 cm
The H 2 CO 2 species was also observed in more recent works concerning the methanol adsorption on Cu/ZnO/ Al 2 O 3 [7] , on Cu/SiO 2 [8] and on O/Cu (110) [9] . The presence of oxygen atoms in all these surfaces suggests that oxygen has an important role in the H 2 CO (a) H 2 CO 2 (a) HCO 2(a) reaction. This paper is organised as follows. Section 2 describes theoretical details of the metal cluster and the computational method used. In Section 3 the calculated results for H 2 CO 2 adsorbed on the copper (111) surface are presented, while, in Section 4, the most important conclusions obtained are summarised.
Method
In this work we use the Cu 30 (14, 8, 8) cluster shown in Fig. 1 . This three-layer cluster is a section of the ideal Cu (111) surface; the first layer is defined by 14 copper atoms and the second and third layers are composed of 8 copper atoms. The Cu Cu nearest neighbour distance is taken from the bulk and is 2.551 A , . This cluster belongs to the C s symmetry group. Small clusters were previously found to give a reasonable description of the copper (111) surface [10] [11] [12] [13] .
The calculations of the dioxymethylene interaction with the copper (111) surface were performed for two different orientations of the H 2 CO 2 species; the crossbridge shown in Fig. 2(a) and the aligned-bridge shown in Fig. 2(b) . In the cross-bridge orientation (also called long-bridge) the oxygen atoms of the dioxymethylene species are placed above the longer bridge site present in Cu (111) with one oxygen atom located at the fcc hollow site and the other oxygen atom at the hcp hollow site. The hcp hollow site is the hollow site that has one copper atom of the second layer directly underneath it, while in the case of the fcc hollow site there is one copper atom directly underneath it only in the third layer. In the aligned-bridge orientation (also called short-bridge) the oxygen atoms of the dioxymethylene species are both located along the short bridge present in the Cu (111) surface. The oxygen atoms are free to move along the adsorption sites considered. The geometry of the adsorbed H 2 CO 2 species was optimised in the calculations. Only one restriction was imposed during these optimisations, the conservation of the mirror plane that contains the carbon, the oxygen and the copper atoms that define the long or the short bridges. In both cases the calculations were done with a starting geometry for the H 2 CO 2 intermediate with a surface to oxygen distance equal for both oxygen atoms. A method of calculation based on the density functional theory (DFT) was used to obtain the geometry and energy for the dioxymethylene species adsorbed on the copper (111) surface in the two orientations as explained above. The B3LYP hybrid method proposed by Becke [14] included in the Gaussian 94 [15] package was used. This method includes a mixture of HartreeFock (HF) and DFT exchange terms associated with the gradient corrected correlation functional of Lee, Young and Parr [16] .
The four first layer and three second layer metal atoms closest to the substrate (light grey atoms depicted in Fig. 1 ) are described by the LANL2DZ basis set which treats the outer 19 electrons of copper atoms with a double zeta basis set and the inner 1s, 2s and 2p electrons with the effective core potential of Hay and Wadt [17] . In the other 23 metal atoms only the 4s electron is treated explicitly, while their inner electrons are included in the effective core potential of Bagus et al. [18] . The non-metallic atoms (O, C and H) are described by the 6-31G** basis set of double zeta quality with p polarisation functions in the hydrogen atoms and d polarisation functions in carbon and oxygen atoms. Calculations were done only for the ground state configurations. 2 − species. As expected, a distorted tetrahedral like geometry is found.
Results
If a comparison is made between the results obtained for the radical and those obtained for the anion, the influence of the extra electron in each of the two oxygen lone pairs is observed in the latter case. In fact a stronger repulsion between the oxygen atoms of the anion causes the increase of the O-C-O angle and the subsequent increase in the C -H bond length and decrease in the H-C-H angle. This repulsive effect causes a destabilisation of the anion by approximately 380 kJ mol − 1 relatively to the radical. Table 2 summarises the computed energy, geometry and Mulliken charge for H 2 CO 2 adsorbed on the aligned-bridge and on the cross-bridge sites of the Cu (111) surface. The calculated adsorption energy, obtained as the difference between the total energy of the Cu 30 H 2 CO 2 aggregate and the total energy of the infinitely separated fragments (Cu 30 and H 2 CO 2 ), is 342.9 kJ mol − 1 for the aligned-bridge site and 415.3 kJ mol − 1 for the cross-bridge site. The geometry of this ( :6°) .
Upon adsorption, there is a charge transfer from the metal surface to the dioxymethylene species. After adsorption, the total charge transferred to the radical is close to 0.65 e which is in agreement with the strong interaction of H 2 CO 2 with the surface.
The dependence of the adsorption energy on the O-surface distance is presented in Fig. 3 for H 2 CO 2 adsorption on the two sites considered. For adsorption on the cross-bridge site, the O-surface distance is the one from the oxygen atom located above the hcp hollow site to the first layer. The adsorption energy variation is smaller for the cross-bridge site.
The variation of the adsorption energy with the tilting of the OCO plane of the H 2 CO 2 species is shown in Fig. 4 . This figure shows that there is a destabilisation if the OCO plane is tilted from the normal to the surface. For H 2 CO 2 adsorption on the aligned-bridge site, the tilting effect is much higher than for H 2 CO 2 adsorption on the cross-bridge site. The tilting of the OCO plane of H 2 CO 2 adsorbed on the aligned-bridge site leads to a geometry where one of the hydrogen atoms is closer to one of the hollow sites, while the adsorption on the cross-bridge site leads to a geometry where one of the hydrogen atoms is closer to one copper atom of the Cu (111) short-bridge site. For a tilt angle of 25°the destabilisation in energy is approximately 290 kJ mol − 1 for adsorption on the alignedbridge site and only 6 kJ mol − 1 for adsorption on the adsorbed species is very different from the ones obtained for the free molecules. The C-O bond length is larger and the C-H bond length is shorter in the adsorbed forms. Both species are strongly attached to the surface and this causes the CO bond length to be higher for the adsorbed species than for the free species. The weaker CO bonds produces two stronger CH bonds.
No experimental or theoretical data concerning H 2 CO 2 adsorption, for comparison purposes, were found in the literature. However, a comparison could be made with experimental results obtained for a similar species, formate. For formate, HCO 2 − , an experimental copper-oxygen distance of 1.9890.05 A , has been reported [19] for the bidentate adsorption on the aligned-bridge site of copper (100) and of copper (110). The value found for the O-Cu distance for H 2 CO 2 adsorbed on the aligned-bridge of copper (111) is in good agreement with the experimental value obtained for adsorbed formate. Since the short-bridge length is the same for the three surfaces of copper [(100), (110) and (111)], we can conclude that the influence of the extra hydrogen atom in H 2 CO 2 is minimal.
The non-equivalence of the two hollow sites (one hcp and one fcc) for the cross-bridge site causes the O-Cu surface distances to be different. The difference is not significant though, the shorter O-Cu distance (1.640 A , ) corresponds to the oxygen atom which is located above the hcp hollow site and the longer distance (1.653 A , ) to the oxygen atom which is located above the fcc hollow site. The nearest neighbour distances are 1.954 and 1.964 A , , respectively.
The internal geometry of the adsorbate is practically the same for both adsorption sites. The CO bond Fig. 3 . Energy of the H 2 CO 2 species adsorbed on the alignedbridge and cross-bridge sites of copper (111) surface at various O -surface distances. For H 2 CO 2 adsorbed on the cross-bridge site, the O -surface distance is the distance of the oxygen adsorbed on the hcp site to the surface. metal surface with a mainly ionic character. An ionic bond was also observed [11, 20] for other oxygen bonded species such as methoxy and hydroxy radicals. The slope of these curves gives an idea of the charge in the adsorbed species. The slopes obtained are − 1.68 and −1.43 for adsorption on the aligned-bridge and cross-bridge sites, respectively. García-Hernández et al. [21] observed, for a negative charge placed above a cavity or above an atom of the Pt (111) surface, that this method overestimates the charge in the adsorbate by 35 -40%. The charge in the adsorbed H 2 CO 2 species should have a value between the calculated Mulliken charge and the slope of the dipole moment variation with the adsorbate -surface distance.
The [H 2 CO 2 ] 2 − species is adsorbed on the Cu (111) surface similarly to the neutral H 2 CO 2 species (results not shown). These findings were also reported by Olivera et al. [22] for the adsorption of small ions (OH + , OH − , SO 3 2 − , SO 4 2 − , etc.) in the low coverage limit on silver.
Conclusions
Small metal clusters have been extensively used for theoretical studies in surface chemistry. In many instances, these clusters were shown to be reasonably good models for the metallic surfaces. On the other hand, the properties of the cluster itself may be important as it is believed that in certain catalysts, where the active metal is supported on a metal oxide, the catalytic activity is solely due to the very small metal particles.
cross-bridge site. The larger effect observed for adsorption on the aligned-bridge site is a consequence of the direct binding of the oxygen atoms to the copper atoms. Tilting the OCO plane causes the breaking of the symmetry between the atomic orbitals of the copper, oxygen and carbon atoms. For adsorption on the cross-bridge site, this effect is smaller due to the binding of the oxygen atoms to the hcp and fcc hollow sites. These sites behave like a pool of electrons, were interactions involve more than one copper atom. The small difference between the adsorption energies of the tilted and upright H 2 CO 2 species adsorbed on the crossbridge site means that these molecules may possibly be observed tilted at low coverage. This figure also shows that the two hollow sites (hcp and fcc) are very similar. The energy variation with the tilting angle for H 2 CO 2 adsorbed on the aligned-bridge site is practically the same if one hydrogen atom approaches the hcp or the fcc hollow site.
In Fig. 5 , the dipole moment variation against the distance of the adsorbates to the metal surface is plotted. We only plotted the distances close to the calculated equilibrium distances for the H 2 CO 2 species adsorbed on the two different adsorption sites considered. Only the component of the dipole moment normal to the surface is considered. The linearity of these curves indicates a bond between the adsorbate and the Fig. 5 . Variation of the dipole moment component normal to the surface with the distance from the surface of the H 2 CO 2 species at the aligned-bridge site and at the cross-bridge site.
The DFT results reported above show that the H 2 CO 2 species is adsorbed on the cross-bridge site of the copper (111) surface. When adsorbed on the aligned-bridge site, the H 2 CO 2 species is destabilised by ca. 70 kJ mol − 1 when compared with the adsorption of the same species on the cross-bridge site. It was also found that these species are adsorbed with the OCO plane of the these molecules normal to the metal surface. Tilting the OCO plane of H 2 CO 2 adsorbed on the aligned-bridge site causes a large destabilisation effect. The same is not observed for H 2 CO 2 adsorption on the cross-bridge site, where only a small decrease in the adsorption energy is observed. ). The geometry of the adsorbed species is very different from that calculated for the free molecules and it indicates a strong interaction of these species with the metal surface.
The total Mulliken charge found for the adsorbed H 2 CO 2 molecule is similar for adsorption on the two sites considered. There is charge donation from the metal surface to the H 2 CO 2 species by approximately 0.65 e.
From the results of the variation of the dipole moment with the distance of the adsorbate to the metal surface it was found that the bonding type of the species considered in both adsorption sites of the copper (111) surface is predominantly ionic.
From our experience, we know that Mulliken charges are generally inferior to the real charge in the adsorbate. In a previous work [21] , the opposite effect was also observed for charges obtained from the slope of dipole moment versus adsorbate-surface distance curves. Therefore, we conclude that the real charge in the adsorbed H 2 CO 2 species should be larger than 0.65 e and smaller than the slope of the dipole moment variation with the adsorbate-surface distance.
